In attitude determination using GPS, the accuracy of results is influenced directly by the satellite selection of the differenced observations. Based on the information of satellites, such as elevation, azimuth and signal to noise ratio, we apply a weighted selection method to obtain the satellite combination used in attitude determination. This method also considered the quality of satellite signal during building double difference observation equations. Experimental results show that this method reduces the noise influence of the double difference carrier phase measurements and increases the accuracy of the attitude determination. Compared to the traditional method, this is more suitable for the attitude determination.
INTRODUCTION
Using the subcentimeter precision of global positioning system (GPS) carrier phase measurements from multiple antennas mounted to a vehicle and line-of-sight (LOS) vectors from antennas to satellites the attitude of the vehicle can be determined in real time [1] . Compared to an inertial measurement unit, GPS has long-term stability and lower power consumption and cost. Therefore, research on attitude determination using GPS has been given considerable attention in the last decades [2] [3] [4] .
In attitude determination using GPS, precise measurements of the double difference carrier phase observations between satellites and antennas are critical to the accurate solution. However, the double difference carrier phase measurements include many kinds of noise which cause errors in the attitude solution. The errors are dominated by the systematic errors caused by multipath, atmosphere, orbit effects and receiver noise [2] . Except for the receiver noise, other noise sources are related directly to the satellites used in the double difference. Therefore, elevation, azimuth and signal to noise (SNR) of different satellites have significant influence on the accuracy of the carrier phase measurements and the attitude determination [5] . The traditional satellite selection method chooses the satellite with the high elevation angle as the reference satellite to obtain the double difference measurements and all the satellites the same weight in the observation equation without considering the quality of the satellite signals. Therefore, in order to efficiently increase the accuracy of attitude determination, we should choose a group of satellites with minimum noise effect and their corresponding weight matrix.
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The functions of satellite selection methods can be considered as two types: positioning and differencing. Generally, minimum GDOP (Geometry Dilution of Precision) principle is used in positioning. We choose the satellites which form the largest volume as a group to calculate the position of the antenna. In attitude determination, the same as GDOP, we have ADOP (Attitude Dilution of Precision) which is also controlled by the geometry of the satellites [2] . In double difference, we always choose one as the main satellite, because the geometry would be better.
ATTITUDE DETERMINATION USING GPS
The attitude determination system using GPS includes at least two antennas. One is selected as the main antenna and the others are considered to be auxiliary antennas that form several baselines mounted to a vehicle. The carrier phase measurement equation is as follows: 
where O = , , N , e ; n is the number of observed satellite. The difference between the simultaneous phase measurements of a receiver of the signals transmitted by two different satellites, and simultaneous measurements at the same nominal time of a second receiver of the same signals follows from Eq. (1) as:
where DD is the double difference operator, and the dimension of Eq. (3) is n-1. The clock and atmospheric errors in the carrier phase measurement can be eliminated by the double difference. With m+1 satellites in view, the above model can be cast in the linearized observation equation. We use the least squares method to obtain the float solutions of double difference integer ambiguities and baseline vector components. After the integer ambiguity resolution and validation process, the baseline vector will be estimated independently for each auxiliary antenna by least squares method [6, 7] .
Once the baseline vectors are solved, which can be considered as the relative positions of antennas in the Earth Centered Earth Fixed (ECEF) coordinate frame [8] . They must be transformed to the local level navigation frame by the transformation matrix. Then, the attitude angles yaw, pitch, and roll of the vehicle can be calculated by the direct computation method [8] .
SELECTION OF THE SATELLITE COMBINATION AND THE WEIGHT MATRIX
The selection of the satellite combination for attitude estimation is actually the determination of the double difference operator DD. 
where n n I is an identity matrix that has the size of n. The double difference operator DD is formed between two single differences related to two observed satellites as
where 1 is a 1 vector (all elements of the vector are 1), m is the number of formed double differences, and m=n-1. The sequences of the row and column in the linear transformation matrix C d in Eq. (5) are the same as the sequence of the satellite elevation angles. The measurements used in double difference depend on the satellite combination in Eq. (2) . Not all the in-sight satellites should be included in the observation equation. In order to increase the measurement accuracy, some criterions are applied to choose the proper satellite combination. For attitude determination, the satellite with the highest elevation angle is selected as the reference satellite in the traditional double difference operator, namely the first column in C d is the 1 vector. However, in the practical environment it is not always optimal to select the satellite with highest elevation angle as the reference one. We must take other error sources into account.
Expression of the Geometrical Dilution of Precision for Attitude
The variances of the position estimates depend upon two factors: variance of the user range error, and a term which depends entirely on the antenna-satellite geometry. The geometry dilution of precision (GDOP) parameter is defined on the basis of the positioning equations to characterize the contribution of the antenna-satellite geometry. As an analog to GDOP, ADOP, the geometrical dilution of precision for attitude, is defined by considering the geometrical component of the covariance matrix [2] .
where trace( ) • is the trace of matrix. The error of the attitude determination increases with the increase of the ADOP value, as similar to what GDOP to positioning error.
As shown in Eq. (6), the ADOP value is determined by the LOS vector matrix B. The direction cosine vectors of antenna-satellite in matrix B can be expressed by the combination of elevation and azimuth angles of satellites. Therefore, in attitude determination using GPS, we should choose satellites used in double difference based on the angle information. The DOP value does not change in different coordinate frames. Therefore, the relationship of the LOS vector and the elevation and azimuth angles are expressed as follows
where cos i , cos i , and cos i are direction cosine vectors of the ith satellite in WGS84 frame, E i and A i are the elevation and azimuth angles of the ith satellite respectively, i = 1, 2, , n . Thus, the LOS vector matrix B can be rewritten as
Substituting Eq. (8) into Eq. (6), we obtain the expression of the ADOP with satellite angle information
where E and A are errors with the elevation and azimuth angle of the satellites respectively. The ADOP value only depends on the satellite selection, which can be minimized by selecting proper satellites according to the elevation and azimuth angles.
Elevation Angle and SNR of Satellite
When the satellite combination is selected by the ADOP, we need to choose a reference satellite to form the double difference. The satellite with highest elevation angle is chosen in traditional method, because there will be low multipath effect in the received signal as shown in Fig. (1) . In general, SNR increased with the increase of the satellite elevation angle and decreased with the increase of the noise of carrier phase measurement. However, in the practical application, atmosphere and orbit errors also impact the satellite signal and lower the SNR. Therefore, we should consider both of the elevation angle and the SNR of the satellite simultaneously during selection. Define the satellite selection function:
where SNR i is the SNR of the ith satellite, E max and SNR max are the maximum elevation angle and SNR in this epoch, and is the weight parameter. is set to 1 in normal situation and greater in strong multipath environment. In Eq. (10), E i Q s where Q s is the quality of satellites signal, if there is no block of signal, while SNR i Q s with or without block of signal. In the strong multipath environment, SNR gives better description of Q s than elevation. Therefore, the weight parameter should be greater. Thus, f i in Eq. (10) can be used to choose the main satellite according to the quality of satellites signal.
In practical application, we choose the satellite which maximizes Eq. (10) as the reference satellite to establish the double difference. The elevation angle and SNR of the satellite are considered simultaneously in the satellite selection function Eq. (10). Such selection can efficiently reduce the noise in the double difference carrier phase measurements. The corresponding linear transformation matrix C d can be rewritten as 
Covariance Matrix in the Observation Equation
After selection of satellite combinations and the reference satellite for double difference, the covariance matrix of the observation equation should be set properly according to the practical environment. In the common observation model, it is usually assumed that all the carrier phase measurements have the same variance and statistically independent. Therefore, the covariance matrix of the observation can be formulated as
where 2 is the variance of the carrier phase. Through the error propagation law the time invariant covariance matrix of the double difference measurements can be obtained.
As stated in section 3.2, the reference satellite in double difference is not the satellite with the highest elevation angle in some cases. The linear transformation matrices with different sequences have the following result
Therefore, based on the error propagation law the covariance matrices from Eq. (11) and (13) is the same. However, in the practical application, this simplified model may contain some misspecifications, and thus could result in unreliable GPS attitude results. GPS measurement errors are dominated by multipath, atmosphere, orbit effects and receiver noise, which are related to the elevation and azimuth angles of the satellite except for the last one. Therefore, the effects of these error sources are different for each satellite. In order to model the variances of carrier phase measurements from different satellites, a function of satellite elevation angle is used to describe the variance of the GPS measurements in practice [9] . 
Substituting the variance form Eq. (16) into Eq. (13), we obtain the covariance matrix Q = 
EXPERIMENTAL RESULTS
Attitude determination using two GPS antennas forming a single baseline is a basic building block of the attitude determination system. Therefore, the proposed satellite selection method in static attitude determination is evaluated by two NovAtel 12 channels single frequency C/A code GPS receivers with 1Hz output and a PC/104 module with a 133 MHz CPU, which form a 2.029 m long single baseline. Table 1 lists the different satellite elevation and azimuth angles of three epochs during the experiment. These angles did not change significantly in a short period. Different double difference combinations from the observed satellites are listed in Table 2 . In these combinations, the first and second ones include the satellite with highest elevation angle, while the third and fourth not. They include the satellites with the 2nd and 3rd highest elevation angles. The ADOP values of these four combinations in different epochs are shown in Fig. (2) . From this figure, we can conclude that the combination with the highest elevation angle may not minimize the ADOP value while the combination with lower elevation angles may obtain smaller ADOP value. Therefore, when selecting the satellite combination for double difference, we may not always choose the one with the highest elevation angle. Table 3 , we know that the accuracy of the result using the proposed method is increased compared to the one using the traditional method. 
CONCLUSIONS
In attitude determination, carrier phase measurements include many errors which are related to the satellites used for double difference. Therefore, satellite signals with different elevation and azimuth angles and SNRs significantly influence the carrier phase measurements. In this contribution, a satellite selection method based on the angle information and SNR of satellites is proposed. This method considers the influence of elevation and azimuth angles on the attitude determination, and chooses the satellite Fig. (2) . ADOP of different combinations. Fig. (3) . Elevation angles and SNRs of satellites. combination based on the geometry relationship. The reference satellite is not selected as the one with the highest elevation angle but the one that takes both elevation angle and SNR into account simultaneously. In the double difference carrier phase observation equation, the elevation angles are used to set the weight of measurements. The quality of satellite signal is considered to improve the accuracy of attitude determination. Experimental results show that the proposed method is more suitable for the attitude determination using GPS. It lowers the noise influence of the double difference carrier phase measurements and increases the accuracy of attitude determination result. 
